The cerebellum is a major motor structure. However, in humans, its efferent topographical organization remains controversial and indirectly inferred from neuroimaging and animal studies. Even central questions such as 'Can we evoke limb movements by stimulating the cerebellar cortex?' have no clear answer. To address this issue, we electrically stimulated the posterior cerebellum of 20 human patients undergoing surgery for tumours located outside this structure (e.g. pineal gland, quadrigeminal plate). Stimulation, delivered at a 60-Hz frequency for 2 s, evoked focal (single-joint) ipsilateral movements. Different regions were associated with the production of head (vermal lobule VI), face/mouth (hemispheric lobule VI) and lower-limb (hemispheric lobules VIIb-IX) responses. Upper-limb representations were more widely distributed. They intermingled with face/ mouth representations in the superior posterior cerebellum (hemispheric lobule VI) and lower-limb representations in the inferior posterior cerebellum (hemispheric lobules VIIb-IX). No intra-or inter-limb somatotopy was found in these areas. Functionally, upper-limb (face/mouth movements) and upper limb-lower limb postural coordinations are major elements of our motor repertoire. Representation of these pairs of segments in common regions might favour the production of integrated motor behaviours. The intermediate region of the posterior cerebellum (hemispheric lobule VII and vermal lobules VII-VIII) was mostly silent. Latency results in conjunction with previous electrophysiological evidence in animals suggest that electrically evoked motor responses were not mediated by a cortical route but rather by brainstem structures. The potential role of this descending efferent pathway for fine motor control is discussed.
Introduction
The cerebellum is a major motor structure of the nervous system. This has been demonstrated by an impressive body of evidence accumulated over several decades at both the anatomical and functional levels (Holmes, 1939; Brooks and Thach, 1981; The early view on cerebellar organization was formulated by Luigi Luciani (see Petrosini, 1997, 2004 for a review) . This author approached the topic by analysing the motor consequences of localized lesions. He failed to identify anatomo-functional correlations, which led him to reject the idea that the cerebellar cortex was functionally organized and hence the possibility that individual body segments such as the hand, foot and mouth were represented independently in specific cerebellar lobules. This absence of functional segregation within the cerebellar cortex was thought to be consistent with the early work of Ramó n y Cajal (1911) , who showed that beyond the existence of clearly distinguishable lobules at the macroscopic levels (Fig. 1A) , the cerebellum had a beautifully regular and remarkably uniform cytoarchitecture. A widely accepted hypothesis of that time, put forward by Brodmann (2006) , suggested the existence of a close link between the function and cytoarchitectonic structure of a given region.
Over the years, it became obvious that Luciani's conclusions were erroneous. Most of the evidence was established during the first half of the 20th century, in anaesthetized and decerebrate mammals (mainly cats, dog and monkeys) (Dow and Moruzzi, 1958; Manni and Petrosini, 2004) . For the sensory system, it was reported that peripheral inputs from the face, forelimbs and hindlimbs were somatotopically organized within the anterior lobe and paramedian lobule of the cerebellar cortex. For the motor system, controversial results were provided regarding the ability of electrical stimulations of the cerebellar cortex to trigger limb movement (Dow and Moruzzi, 1958) . Based on the experiments that provided a positive answer to this question, a general organizational trend was suggested to exist in the anterior and superior posterior cerebellum, such that the tail, hindlimbs, forelimbs and face were represented in the lingula, lobulus centralis, culmen and lobulus simplex, respectively (Manni and Petrosini, 2004) .
Whether electrical stimulation of the cerebellar cortex can trigger limb movements in humans remains unknown.
Recently, the efferent organization of the cerebellar cortex was investigated in monkeys using transneuronal transport of neurotropic viruses. Rabies virus was injected in proximal forelimb, distal forelimb and hindlimb representations of the macaque motor cortex (M1). Purkinje cell labelling from these segments was found to be arranged rostrocaudally and lateromedially within hemispheric lobules III-VI (Lu et al., 2007) . A substantial number of cells labelled from the forelimb, but not the hindlimb, were identified in crus I and around the prepyramidal fissure (hemispheric lobules VIIb-VIII). Only a marginal number of cells were labelled in crus II. Using a similar technique, previous studies have provided compatible results for the dentate nucleus by demonstrating a rostral-to-caudal sequence of output channels from the dentate nucleus to the leg, arm and face representations of M1 (Strick et al., 2009) . However, in all of these studies, substantial overlaps were found between the zones representing the different body segments.
During the past decade, with the development of neuroimaging techniques, the issue of cerebellar somatotopy became a direct subject of investigation in humans. Several studies identified different loci of activation in the ipsilateral anterior and posterior lobes for voluntary movements performed with the mouth, hand and foot (Nitschke et al., 1996; Rijntjes et al., 1999; Grodd et al., 2001; Kapreli et al., 2007; Schlerf et al., 2010) . Although no clear within-limb somatotopy was reported for the hand (fingers and wrist) (Nitschke et al., 1996; Grodd et al., 2001; Wiestler et al., 2011) , distinct loci of activation were found in the anterior lobe for distal and proximal segments of the upper limb (elbow and hand) (Grodd et al., 2001 ) and the different segments of the leg (toes, ankle and knee) (Kapreli et al., 2007) . Overall, on the basis of neuroimaging studies, no less than four different topography of cerebellar organization for three neuroimaging studies that have considered the whole cerebellum and not only a specific lobe. Data related to hand, foot and mouth (only investigated in Grodd et al., 2001 ) movements have been reported on a single hemisphere. Single signs (e.g. one hand) illustrate ipsilateral activations. Double signs (e.g. two hands) illustrate bilateral activations.
homunculi were reported to exist in the cerebellar cortex ( Fig. 1B-D) : one in the anterior lobe (hemispheric lobules II-V: Nitschke et al., 1996; Rijntjes et al., 1999; Grodd et al., 2001; Kapreli et al., 2007; Schlerf et al., 2010) , one in the inferior posterior lobe (hemispheric lobules VIII-IX: Rijntjes et al., 1999; Grodd et al., 2001) , one in the superior posterior lobe (hemispheric lobules VI-VII: Schlerf et al., 2010) and one in the pyramis vermis (lobule VIII: Rijntjes et al., 1999) .
Neuroimaging was also used to investigate the question whether movement-related cerebellar activations reflect sensory or motor processing. The role of sensory processing was demonstrated, in the anterior and inferior posterior cerebellar lobes, on the basis of passive movements (Bushara et al., 2001; Takanashi et al., 2003) . The role of motor processing was identified in the same regions by subtracting neural responses associated with active and passive movements (Nitschke et al., 1998; Mima et al., 1999; Thickbroom et al., 2003) , by mapping movementrelated activations in deafferented patients (Weeks et al., 1999) and by studying the sole phase of movement preparation during simple motor tasks (Deiber et al., 1996; Horwitz et al., 2000) . However, these approaches did not allow identification of the motor efferent projections of the cerebellum. Indeed, when voluntary movements are prepared or executed, the neural response reflects both the existence of complex computational treatments and the activation of the efferent neural populations that generate output signals to muscles and remote brain structures.
In the present study, our goal was to investigate the efferent organization of the cerebellum, in humans, by identifying the regions of the cerebellar cortex that trigger muscle contractions when recruited. To this end, as Penfield and Boldrey (1937) did a long time ago for the sensorimotor cortex, we used direct electrical stimulation in patients undergoing brain surgery. The patients were older than 10 years, and their tumours were located outside the cerebellum, in the posterior fossa (e.g. in the pineal region, quadrigeminal plate). In other words, in all patients, the cerebellar cortex and deep cerebellar nuclei were not injured. Due to surgical constraints, the mapping procedure was circumscribed to the posterior cerebellum (lobules VI-IX, Fig. 1A ). Four specific questions were addressed: (i) is it possible to trigger movements by electrically stimulating the cerebellar cortex in humans? If yes; (ii) are the hand, foot and face areas organized somatotopically in specific cerebellar lobules; (iii) what are the characteristics of the electrically triggered movements (multi-or single-joint, uni-or bilateral) and (iv) what are their latencies? This latter question is important to determine whether the evoked movements are routed through descending pathways from the cerebellum or remote motor areas, such as the primary motor cortex. Indeed, it is known that the cerebellum is heavily connected with most of the precentral motor regions (review in Strick et al., 2009 ).
Materials and methods

Subjects
Twenty patients were recruited from the neurosurgical department of the neurological hospital in Lyon. All patients were operated under general anaesthesia. Their lesions (mainly malformations and tumour invasions; Table 1 ) were located outside the cerebellum, in the posterior fossa. The group of patients included 8 males and 12 females. The mean age was 26 years (range: 10-60 years). Before surgery, all patients were informed about the surgical procedure by the senior surgeon (C.M.) and gave a formal consent (for minors, consent was obtained from the parents). The protocol was approved by the local ethics committee (CPP, Lyon Sud-Est IV, Centre Lé on Berard, Lyon) and sponsored by the Centre National de la Recherche Scientifique (CNRS).
Perioperative mapping
Since the pioneering work of Penfield and Boldrey (1937) , direct electrical stimulation has become a standard tool for identifying eloquent motor regions during surgical resections in adults (Berger and Ojemann, 1992; Berger and Rostomily, 1997) and children (Sala et al., 2010) . In the present study, we used direct electrical stimulation for identifying eloquent motor regions of the cerebellar cortex. The mapping was done before the beginning of actual resection. After opening of the bone flap and the dura, a bipolar electrode with 5-mm spaced tips delivering a square biphasic current was placed on the cortex of the patients (pulse frequency: 60 Hz). Direct electrical stimulation was delivered using standard increasing intensities (2, 5, 10 mA) and a fixed duration ($2 s). Duration of the stimulation was defined by the surgeon through counting ('one, two'). When a movement was found, the site was defined as responsive, and no additional stimulation was performed. When no response was found at 10 mA, the site was considered unresponsive.
Except for two patients operated in ventral position (Patients P2 and P13), all surgeries were performed in a seated position. During surgery, anaesthesia was maintained with 1.5-2.5 vol% (minimum alveolar concentration) sevoflurane without nitrous oxide and remifentanil at 0.25 mg/kg/min. This protocol has been shown not to affect intraoperative recording of motor-evoked potentials (Reinacher et al., 2006) . Depending on the area to be reached, an infratentorial supracerebellar or occipital-transtentorial approach was used (Lapras et al., 1987; Fukui et al., 1998) . Typically, the infratentorial supracerebellar approach granted access to the posterior lobe of the cerebellum (lobule VI to IX, Fig. 2A ). The occipital-transtentorial approach allowed for access to a smaller region, revealing mostly the lobules VI and VII of the superior posterior cerebellum (Fig. 2B) . Completion of the stimulation protocol required $15 min.
Throughout the experiment, EMG signals were collected bilaterally in 10 muscles covering the face/mouth (zygomaticus/orbicularis oris; electrodes were placed to record combined activity in these two muscles), neck (sternocleidomastoid), elbow (biceps, triceps), wrist (extensor digitorum communis, flexor carpi radialis), hand (thenar, hypothenar) and foot (tibialis anterior, gastrocnemius). The method for EMG recording has been described in detail previously Reilly et al., 2006) . In brief, disposable surface Ag/ AgCl electrodes were used to record EMG activity. During surgery, this activity was differentially amplified by a factor of 1000-20 000 to produce signals that fell within a AE5 V range. This signal was then digitized at a 1000-Hz frequency and recorded.
For the purpose of computing motor latencies, EMG signals were further processed offline ( Fig. 2C and D) . The envelope of the surface EMG was estimated by a scheme of demodulation, smoothing and relinearization (Clancy et al., 2001) . In this process, demodulation rectifies the EMG and then raises the result to the power 2, smoothing filters the signal (averaging filter, 50 points window) and relinearization inverts the power law applied during the demodulation stage and returns the signal to units of EMG amplitude. Baseline signal [mean and standard deviation (SD)] was then determined from the 1000-ms period preceding stimulation onset. EMG onset was defined as the first point of the post-stimulation envelop located above the mean + 2 Â SD threshold. Because of stimulation-dependent noise, this parameter could not be reliably determined for all trials. In particular, no estimate could be obtained for the face/mouth and neck segments. In this case, the baseline EMG signal was polluted by the stimulation noise, and although a muscle contraction could be clearly identified at some point above this noise level, the onset of this contraction could not be isolated. Over the 41 responsive sites identified in this study (see later in the text), 24 allowed computation of motor latencies. These sites were related to upper-and lower-limb muscles.
Localizing stimulation sites
Stimulation site localization was performed a posteriori using a home-built 3D interactive visualization tool. For each patient, a highresolution magnetic resonance image was obtained before surgery. From this image, we reconstructed a 3D view of the patient brain, including meshes of the patient head, tumours and cerebellar lobules. Lesion areas were manually drawn from preoperative magnetic resonance images to generate tumour meshes that were excluded from the normalization transformation (Brett et al., 2001) . Normalization of the cerebellar areas was performed using the SUIT toolbox (Diedrichsen, 2006) (http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm) of the SPM5 software (Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm/). This toolbox provides a high-resolution atlas template of the human cerebellum and brainstem that preserves the anatomical detail of cerebellar structures, as well as dedicated procedures to automatically isolate patient cerebellar structures from the cerebral cortex and to accurately normalize patient cerebellar structures to this template. Using the inverse of the resulting normalization transform, a parcellation of patient cerebellum was obtained, based on the probabilistic magnetic resonance atlas of the human cerebellum (Diedrichsen et al., 2009) provided within the SUIT toolbox. Meshes of patient anatomical structures included in the 3D view were computed using the Brainvisa software (http://www.brainvisa.info/) from previously computed masks for the tumours and the cerebellar lobules and from the magnetic resonance image of the patient head using an automatic procedure (Fig. 2 ). Masks were controlled visually before meshing. The visualization software for interactive localization of sites was developed in-house using the ITK (http://www.itk.org/), VTK (http://www.vtk.org/) and FLTK (http:// www.fltk.org/) C/C + + toolkits. It allows for displaying the 3D brain view, to interactively cut the head mesh to recreate the bone flap opened during the surgery and to manually position stimulation sites displayed as small spheres on the cortical surface. Before surgery, the exact location of the four corners of the bone flap was determined using relative distances from the anatomical markers of the skull (anion, nasion, auriculars and CZ point), as is standard in EEG studies for electrode placement (Jurcak et al., 2007) . These locations were then used to place the surgical bone flap on the MRI-based 3D skull of the individual subject. Direct electrical stimulation locations were then reconstructed with respect to the edges of the bone flap using perioperative images of the tags positioned on each stimulation site during the mapping procedure and distance measures performed during the surgery from two small flexible rulers positioned at the edges of the bone flap, one vertically and one horizontally.
Primary motor cortex control group
To determine whether the movements evoked through electrical stimulation of the cerebellum are routed through direct descending pathways or remote motor areas, such as the primary motor cortex (M1), it is important to determine the latency of the movements evoked by stimulations of the pyramidal tract. To address this issue, we included data from five patients involved in another clinical protocol and stimulated in M1. For these patients, the anaesthetic, stimulation and EMG recording procedures were similar to the ones used for the cerebellar patients. This control group included two males and three females (mean age: 38 years; range: 11-59 years). EMG latencies were computed as described earlier for cerebellar patients.
Results
A total of 489 sites were stimulated in 20 patients. Among these sites, 41 were found to evoke movements. The ratio of the number of responsive sites to the number of stimulations (8%) was not found to vary as a function of age (r = 0.04, P 4 0.80).
No case of seizure was observed in response to the stimulations, even at the highest stimulation intensity (10 mA).
Specificity of motor responses
As shown in Fig. 3 , only a few motor responses were evoked for the hand and face/mouth muscles, at the lowest stimulation intensity (2 mA). More than 90% of the responsive sites were identified at middle (41%, 5 mA) and maximal (51%, 10 mA) stimulation intensities. For all subjects, muscle contractions were evoked from highly localized points on the cerebellar surface. We found no instance where motor responses were triggered from two adjacent sites, even when a substantially higher current was used for the adjacent non-responsive sites than for the responsive location. In other words, shifting the stimulation site by a mere 5 mm was enough to transform a responsive location into a silent site, even when the stimulation intensity was multiplied by two (5-10 mA) or even five in some instances (2-10 mA).
Typology of motor responses
All responses were observed in the hemibody ipsilateral to the stimulation side. Functionally, the electrically evoked movements were usually very simple and limited to a single joint (37/41). The most complex movements were found at the distal level with the involvement of the fingers and wrist (4/41) ( Figs 2D and 3) . Often, the movements triggered by cerebellar stimulation were barely detectable visually, and they could only be identified on EMG records, indicating that muscle force was not large enough, in most cases, to overcome limb stiction and inertia. We did not observe any of the multi-joint responses that frequently occur in humans, in response to stimulations of the primary motor (Branco et al., 2003) and premotor (Desmurget et al., 2009) cortices.
Most of the electrically evoked movements involved the upper limb (n = 25), with a larger representation, in this case, of the distal segments (wrist and/or hand, n = 17), than the proximal ones (upper arm, n = 8) (Fig. 3) . Second to the upper limb were the foot (n = 7) and face/mouth segments (n = 6). The neck came last, with only three positive identifications. As shown later, this distribution mirrored closely the size of the representations associated with these different body segments over the cerebellar surface.
Topography of motor responses
Movements were not evoked homogeneously across the cerebellar surface. As shown in Fig. 4 , motor responses were obtained by stimulating the superior posterior cerebellar hemisphere (lobule VI), inferior posterior cerebellar hemisphere (lobules VIIb-IX) and declive (vermal lobule VI). Almost no responses were identified in the median posterior cerebellum (hemisphere VII; vermis VII-VIII). Within this large region, only two isolated sites were found to trigger movements of the upper limb.
Regarding the anatomical distribution of the motor responses, a clear somatotopy was observed for the neck. Contractions of the sternocleidomastoid muscle were specifically associated with stimulations of the declive (vermal lobule VI). A similar anatomo-functional association was found between face/mouth responses and the superior posterior cerebellar hemisphere (hemispheric VI), although an isolated contraction was observed for this body region after stimulation of the inferior posterior cerebellar hemisphere (hemispheric VIIb). Overall, there was a clear trend for the face/mouth segment to be represented primarily in the medial part of the superior cerebellar hemisphere (hemispheric VI). Interestingly, the reverse was true for the lower limb. Indeed, we found the foot to be almost exclusively represented in the inferior posterior cerebellar hemisphere (hemispheric lobules VIIb-IX). Only one isolated movement of this segment was observed after stimulation of the superior posterior lobe (hemispheric VI).
Except for two isolated responses in the superior part of the hemispheric lobule VII (crus I), hand and arm contractions were associated with stimulations of the superior (hemispheric lobule VI) and inferior (hemispheric lobules VIIb-IX) posterior hemispheres. In one patient (Patient P6) for whom the most posterior part of the anterior cerebellum was accessible, a response was also identified in the anterior cerebellum (hemispheric lobule V), near the primary fissure. Strikingly, within the responsive areas of the superior and inferior posterior lobes, no clear interindividual somatotopy was found. In these two regions, responses of the hand, wrist and upper arm were distributed over the entire cerebellar surface. In the inferior posterior cerebellum, the upper-and lower-limb responses overlapped each other. A similar overlap was found in the superior posterior cerebellum for the upperlimb and face/mouth responses. Of course, this does not preclude the possibility that these segments are represented in a more segregated manner in the anterior cerebellum, a region that could not be investigated in the present study. 
Latencies of motor responses
As mentioned above, latencies could be reliably determined for 24 upper-and lower-limb motor sites. On average, muscle contractions were observed 33 ( AE 6) ms after stimulation onset. ANOVA showed that this value varied when muscles were categorized as Interestingly, the latencies observed for the cerebellar patients were of the same order of magnitude as the latencies observed for the control patients stimulated in M1. In these patients, nine responsive sites were identified, six involved the hand/wrist and three the foot. The mean latency of EMG responses was 26 ms for the hand/wrist and 34 ms for the foot.
Discussion
We used a perioperative mapping procedure to study the efferent organization of the cerebellar cortex. We found that 
Somatotopy
Regarding somatotopy, this study provides results that are both compatible and discrepant with the existing neuroimaging literature. This is not totally surprising, given the variability of this literature and the absence of neat dissociation between efferent, afferent and computational signals in previous studies (see 'Introduction' section and Fig. 1B-D) . From a general point view, our data support three main conclusions: (i) body movements can be evoked through direct electrical stimulation of the posterior cerebellar cortex; (ii) these movements are strictly ipsilateral and (iii) they are topographically organized. As is the case for the primary motor cortex (Penfield and Boldrey, 1937; Branco et al., 2003) , the cerebellar topography does not follow a point-to-point discrete representation. Motor cerebellar representations involve inter-and intra-limb overlaps, magnification of dexterous effectors and spatially discontinuous representations of some body segments. In other words, over the cerebellar cortex, the same body part can be represented in different sectors, different body parts can be embodied in a single region and the cortical size of a body part is proportional to its functional importance rather than its physical size.
The most clearly localized responses were recorded in the declive (vermal lobule VI), for neck muscles. This observation is consistent with an ancient report by Mussen (1930) , who showed, in monkeys, that stimulations of the 'lobus medius of the vermis' evoked head rotations. Also, it is in line with anatomical studies indicating the vermal areas VI and VII-designated the 'oculomotor vermis'-project to the caudal part of the fastigial nucleus (Gonzalo-Ruiz and Leichnetz, 1990; Noda et al., 1990) , which can evoke head movements when electrically stimulated (Magoun et al., 1935; Quinet and Goffart, 2009) . It is possible that eye movements were also evoked by stimulation of the vermal areas VI and VII in our experiment, as has been reported in monkeys (Fujikado and Noda, 1987; Noda and Fujikado, 1987a, b) . However, these responses could not be recorded or overtly observed in our surgical context.
Beyond neck muscles, we also found a substantial degree of motor somatotopy for the face/mouth area. This body region was almost exclusively represented in the medial part of the lobulus simplex (hemispheric lobule VI). Two functional MRI studies have identified a similar localization in humans for movements of the face, tongue and lips (Nitschke et al., 1996; Grodd et al., 2001) . Also, anatomo-functional studies have shown that the hemispheric lobules V and VI were typically associated with dysarthria when lesioned (Lechtenberg and Gilman, 1978; Schoch et al., 2006) . The importance of the latter area for the production of facial movements is also consistent with electrophysiological recording showing, in monkeys, that the lobulus simplex is heavily connected with the face area of the sensorimotor cortex (M1/S1) and receives afferent signals from the sensory receptors of the face (Adrian, 1943; Snider and Eldred, 1952) .
In contrast to the face and mouth, the lower limb was mainly represented within the inferior part of the posterior cerebellar hemisphere (lobule VIIb-IX). Several functional MRI studies have reported foot-related activations within this region in humans for active movements (Rijntjes et al., 1999; Grodd et al., 2001; Kapreli et al., 2007) and somatosensory stimulations (Bushara et al., 2001; Takanashi et al., 2003) . Electrophysiological evidence was also provided, in monkeys, that the inferior posterior cerebellum is connected with the foot area of the sensorimotor cortex (M1/S1) (Snider and Eldred, 1952) . In agreement with this observation, an anatomical study involving retrograde transneuronal transport of rabies virus revealed the existence of multisynaptic projections from the inferior posterior cerebellum to the hindlimb area of M1 (Lu et al., 2007) . However, in apparent contradiction with all these observations, a recent functional MRI study identified robust bilateral foot-related responses in the superior posterior cerebellum, around the posterior superior fissure (Fig. 1C) (Schlerf et al., 2010) . To account for this discrepancy, one may suggest that the activations observed in this neuroimaging study were not reflective of efferent commands, but rather of sensory treatments and/or computational processing. In agreement with this view, one may note that foot-related activations were only reported for complex sequential movements and not for simple contractions (Schlerf et al., 2010) . A similar argument may hold for anatomical evidence showing the existence of substantial efferent projections from the superior posterior cerebellar hemisphere (lobule VI) to the foot area of M1 (Lu et al., 2007) . One may suggest that the movements triggered by electrical stimulation of the cerebellar cortex in the present study are not routed through the primary motor cortex (see later), or in other words, that cerebellar-to-M1 connectivity studies and direct perioperative cerebellar stimulation experiments do not map the same efferent pathways.
Among all the body segments investigated in the present study, the upper limb was the most widely represented. We evoked movements of the upper limb from both the superior (VI) and inferior (VIIb-IX) posterior cerebellar hemisphere. Interestingly, no intra-limb somatotopy was observed within these regions, indicating that the motor representations of the upper arm, wrist and hand were not segregated but intermingled. This result is consistent with studies showing, in monkeys (Lu et al., 2007) and humans (Grodd et al., 2001) , that the distal and proximal representations of the upper limb overlap greatly in the lobulus simplex and the inferior posterior cerebellum. The existence of handrelated representations within these regions has been observed in several neuroimaging (Rijntjes et al., 1999; Schlerf et al., 2010) and anatomo-functional (Snider and Eldred, 1952) studies. In agreement with these data, a recent functional MRI study also provided evidence that single fingers were represented in cerebellar lobules V and VIII (Wiestler et al., 2011) , with a weak somatotopic gradient in the former, but not the later, lobule.
Strikingly, in our study, upper-limb responses were intermingled with face/mouth responses in the lobulus simplex and foot responses in the inferior posterior cerebellum. These results may seem at odds with several neuroimaging experiments that have reported segregated loci of activation for the hand, foot and face (Nitschke et al., 1996; Rijntjes et al., 1999; Bushara et al., 2001; Grodd et al., 2001; Schlerf et al., 2010) . However, in all of these studies, large overlaps were demonstrated to exist at both the inter-and intra-individual levels. Such a high level of intricacy was also found in an anatomical study showing, in monkeys, that the Purkinje cells retrogradely labelled in the inferior posterior cerebellum from the hindlimb and distal forelimb representations of M1 were strongly intermingled (Lu et al., 2007) . Still, in monkeys, other investigations have failed to identify a clear somatotopy in the regions of the deep cerebellar nuclei that trigger hindlimb and forelimb responses when electrically stimulated (Schultz et al., 1979) . In this context, one may wonder about the functional meaning of slight spatial variations observed in some imaging studies on the basis of local statistical maxima (Manni and Petrosini, 2004) . With respect to this point, one may note that, in the present study, it would have been easy to segregate face/mouth and hand representations in the lobulus simplex and foot and hand representations in the inferior posterior cerebellum, based on local centre of masses. However, such a segregation would have been more artificial than meaningful. Of course, our data do not allow us to rule out the possibility that a clearer somatotopic organization exists within the anterior lobe of the cerebellum. In particular, this could be the case for the foot, which has been reported to be strongly represented in this region (hemispheric lobule IV) in previous neuroimaging studies (Fig. 1) .
Based on the aforementioned observations, it is tempting to speculate that the intermingled representations observed for the upper limb and face/mouth and for the upper limb and lower limb are functionally significant. Coordinated upper-limb [face/mouth (Allman, 2000) and upper limb-lower limb (Lee, 1980) ] movements are central elements of the primate motor repertoire. Representing functionally related body segments in common cerebellar regions might favour the production of adaptable motor synergies (Aflalo and Graziano, 2006; Evrard and Craig, 2008) . Also, this might represent an optimal solution for minimizing information transfers and neural connectivity (Kohonen, 2001; Aflalo and Graziano, 2006 ). Note that a high level of spatial intricacy between the body segments involved in the production of common synergies could be facilitated by the remarkably uniform cytoarchitecture of the cerebellar cortex (Ramó n y Cajal, 1911; Apps and Garwicz, 2005) .
Pathways
The deep cerebellar nuclei are the gateway out of the cerebellum. It is therefore not totally surprising for the sensorimotor organization of these nuclei to be roughly similar to the organization of the cerebellar cortex (see earlier). In animals, the hindlimb, forelimb and mouth efferent projections from deep cerebellar nuclei to the thalamus and primary sensorimotor cortex have been reported to exhibit a rough somatotopic organization with large levels of overlap (Snider and Eldred, 1952; Hoover and Strick, 1999; Lu et al., 2007; Evrard and Craig, 2008) . When deep cerebellar nuclei are stimulated, simple ipsilateral responses are generally recorded (Asanuma and Hunsperger, 1975; Giuffrida et al., 1982; RispalPadel et al., 1982; Soteropoulos and Baker, 2008) , without clear spatial segregation between hindlimb and forelimb sites (Schultz et al., 1979) . However, in some experiments, contralateral (Soteropoulos and Baker, 2008) and complex multipoint responses have also been found (Rispal-Padel et al., 1982) . Variations in the locus and parameters of stimulation might explain these discrepancies. In line with this idea, one may suggest that the absence of contralateral responses in the context of cortical stimulations is associated with a more focal recruitment of deep cerebellar nuclei neurons.
Beyond deep cerebellar nuclei, neural signals can follow two different pathways to reach the muscles: cortical and subcortical. Regarding the cortical option, it is now well established that deep cerebellar nuclei project massively to the primary motor cortex, via the thalamus (Adrian, 1943; Snider and Eldred, 1952; Asanuma et al., 1983; Rouiller et al., 1994; Sakai et al., 1996; Hoover and Strick, 1999) . These cerebello-thalamo-cortical projections could mediate the motor responses observed in the present study. However, this seems unlikely for three reasons. First, the cortical hypothesis predicts that EMG latencies should be shortened when the stimulations are delivered directly over M1. Inclusion of a control group stimulated in this region failed to provide support for this hypothesis. It is worth noting that this observation should be considered cautiously, given the short conduction delays between the cerebellum and M1 (3-5 ms; Holdefer et al., 2000; Iwata et al., 2004; Galea et al., 2009 ) and the existence of several potential sources of variability in our latency measurements, including, for instance, morphological differences between subjects (Usui et al., 2008) . Nevertheless, our latency results are consistent with recent data collected in non-human primates. Muscle latencies were then compared directly in the same animal, for a large number of motor responses evoked from deep cerebellar nuclei and the pyramidal tract (Soteropoulos and Baker, 2008) . Second, a recent study has shown that the gamma-aminobutyric acidergic cortical interneurons disrupt the propagation of the electrical signals after the first cortical synapse, which suggests that the electrical current did not recruit the pyramidal tract in our study (Logothetis et al., 2010) . Third, and most importantly, direct evidence is available in cats and monkeys that motor responses evoked through deep cerebellar nuclei stimulation are still present after ablation of the primary motor cortex (Asanuma and Hunsperger, 1975; Schultz et al., 1979) .
In light of these results, it appears that a subcortical route is more likely than a cortical route to account for the motor responses observed in the present study. One obvious candidate for this subcortical route is the red nucleus. The magnocellular region of this nucleus constitutes the main origin of the rubrospinal tract (Kuypers and Lawrence, 1967) and receives heavy projections from the interpositus (Massion, 1967 (Massion, , 1973 Flumerfelt et al., 1973; Stanton, 1980) . At the same time, the parvocellular region exhibits significant spinal projections and receives afferents from both the dentate and the interpositus (Pong et al., 2002) . In cats, direct evidence has been found that motor responses evoked by deep cerebellar nuclei stimulations are mediated by the red nucleus (Asanuma and Hunsperger, 1975) . However, this result could not be replicated in monkeys, probably because the rubrospinal tract is much less prominent in primates than in cats (Massion, 1967 (Massion, , 1973 . In a carefully controlled study, Schultz et al. (1979) showed that movements evoked by deep cerebellar nuclei stimulations were not affected when the projections from the cerebellum to the red nucleus were interrupted by separating the brainstem from the forebrain at the level of the colliculi. Motor responses were only abolished when the brachium conjunctivum was sectioned near its origin. This suggests that muscle contractions evoked by deep cerebellar nuclei stimulations were mediated by the projections of the descending branch of the brachium conjunctivum (Schultz et al., 1979) . This branch contains fibres from the interpositus and dentate in primates and projects to the reticular formation (Rand, 1954; Carpenter and Stevens, 1957; Carpenter and Nova, 1960; Miller and Strominger, 1977) . Neural activity in several reticular nuclei is related to movements of face, proximal limb and distal limb muscles (Siegel et al., 1983; Davidson and Buford, 2006; Davidson et al., 2007) . Hence, a plausible hypothesis is that the limb movements observed after stimulation of the cerebellar cortex in the present study and the deep cerebellar nuclei in previous studies (Schultz et al., 1979; Rispal-Padel et al., 1982; Soteropoulos and Baker, 2008) reflect the existence of a descending motor pathway connecting the cerebellum to the muscles via the reticular formation. It has long been assumed that the reticulospinal tract was implicated in the control of gross movements involving primarily axial and proximal muscles, whereas the corticospinal tract did mediate the production of fine movements, especially at the distal level (Kuypers, 1981) . However, recent evidence has challenged this view. As shown by Riddle and Baker (2010) , for instance, projections from the corticospinal and reticulospinal tracts converge on the same spinal interneurons, including those involved in the control of hand movements. Also, both distal and proximal motor neurons receive mono-and disynaptic reticulospinal inputs, including shortlatency monosynaptic excitatory projections to motor neurons that innervate intrinsic hand muscles (Riddle et al., 2009) . Strikingly, excitatory reticulo-motor neuronal connections are as common and as strong in hand motor neuron groups as in forearm or upper arm motor neurons. In agreement with these data, different studies have also reported that microstimulation of the reticulospinal tract evokes responses in both the proximal and distal (wrist) muscles of the upper limb Buford, 2004, 2006) . Together, these results strongly suggest that the reticulospinal tract can form an efficient pathway for fine motor control (Riddle et al., 2009; Riddle and Baker, 2010) .
Beyond the issue regarding which pathway conveys the motor signal from the cerebellum to the motor neurons, our data also raise the question how electrical stimulation of the cerebellar cortex can increase cerebellar output. Although the output of deep cerebellar nuclei is excitatory, the projection of the cerebellar cortex to deep cerebellar nuclei via Purkinje cells is inhibitory. Thus, one might expect stimulation of the cerebellar cortex to cause inhibition of muscle contraction, not facilitation. The most likely answer to this apparent paradox is that the stimulation parameters we use do not cause an increase, but rather a decrease, in firing rate of Purkinje cells, through the recruitment of the powerful inhibitory circuits of the cerebellar cortex (Voogd and Glickstein, 1998; Apps and Garwicz, 2005) . In other words, it is possible that the net result of the conjoint firing of the molecular layer interneurons (stellate and basket cells), the Purkinje cell collaterals and the Golgi cells is inhibitory. The observation that stimulations delivered a few millimetres away from a responsive site do not trigger any movement suggests that this effect is highly focal. In agreement with this observation, optogenetic studies have shown that electrical stimulation of the cerebellar cortex can have complex inhibitory/excitatory effects on spatially adjacent regions (Cohen and Yarom, 2000; Gao et al., 2006; Dizon and Khodakhah, 2011) . Of course, this view remains conjectural, and further research is necessary to evaluate its validity.
Functional role
As mentioned earlier, long-train electrical stimulation used in perioperative mapping procedures evokes very different motor responses when applied over the cerebellar cortex or the prerolandic motor area. Stimulation of the latter region triggers a large proportion of coordinated multi-joint responses (Graziano et al., 2002; Branco et al., 2003; Desmurget et al., 2009) , which has been taken as evidence that the precentral sulcus is involved in the production of postural synergies (Graziano et al., 2002; Graziano, 2006) . We did not find such synergies after cerebellar stimulation. Hence, in this region, evoked movements remain highly focal by involving isolated activation of single joints. Such a fine tuning led us to speculate that the cerebellar cortex is not involved in the production of complex synergies but in the control of these synergies during their time course. As emphasized earlier, the representation of functionally related body segments in common cerebellar regions (hand-foot, hand-face/mouth) might improve the efficiency of this rapid online control process by minimizing neural connectivity and the time required for information transfer (Kohonen, 2001; Aflalo and Graziano, 2006; Evrard and Craig, 2008) .
During the past 2 decades, solid evidence has been reported that the cerebellum was critically involved in fast online motor control (Blakemore and Sirigu, 2003; Miall et al., 2007) . With respect to this point, it was claimed that the accuracy of the ongoing command was computed within the cerebellar cortex through state estimation (Miall and King, 2008) and/or sensory cancellation (Blakemore et al., 2001) . Error signals resulting from these computations were then assumed to affect the ongoing movement via a modulation of M1 activity (Desmurget et al., 2001) . Our results suggest that this modulation could, in fact, be more direct and routed through the descending efferent pathway described earlier. According to this view, the cerebellum would be able not only to identify an ongoing motor error but also to send the corrective command required to cancel this error. This organization would address the major concern that online movement corrections are too rapid (5100 ms) to rely on a distributed cortico-cerebellar neural network in which the cerebellum would compute a corrective command that would be implemented via M1 (Desmurget and Grafton, 2003) . In agreement with the model proposed here, evidence has been reported, in healthy subjects with complete agenesis of the corpus callosum, that fast error corrections did not involve cortical processing (Day and Brown, 2001) . Although basal ganglia have been suggested to represent a potential subcortical site of interest (Lawrence, 2000; Smith et al., 2000) , recent studies have challenged the role of these structures in the process of online control (Desmurget et al., 2004; Desmurget and Turner, 2008) . Results of the present study support the alternative option that rapid low-level feedback corrections rely mainly on the cerebellum.
Conclusion
The debate over cerebellar topographical organization has been going on for more than a century. Up to now, most of the available knowledge has been associated with anatomo-physiological studies in various animal species and functional MRI experiments in humans. Using perioperative mapping in the posterior cerebellar cortex of human subjects, we were able to expand this existing literature by identifying a map of cerebellar efferent projections. All of our subjects had tumours or malformations outside the cerebellum. We found that simple ipsilateral single-joint movements could be evoked by electrical stimulation of the superior and inferior lobes of the posterior cerebellar cortex. Different regions were associated with the production of head (vermis VI), face/ mouth (hemisphere VI) and lower-limb (hemisphere VIIb-IX) movements. Upper-limb representations were more widely distributed. They intermingled with face/mouth representations in the superior posterior cerebellum (hemisphere VI) and lower-limb representations in the inferior posterior cerebellum (hemisphere VIIb-IX). No intra-or inter-limb somatotopy was found in these regions. This high level of overlap between functionally connected body segments might favour the production of adaptable motor synergies while minimizing the need for information transfer and neural connectivity. Although the exact route from cerebellar cortex to motor neurons could not be determined from this study, latency data and previous electrophysiological evidence in monkeys suggest that evoked muscle contractions are mediated by a subcortical cerebello-reticular pathway. Functionally, this pathway might mediate the online control of ongoing motor synergies.
